uptake, which counterbalances the positive charges of the accumulated K þ . The second phase of adaptation is the replacement of K þ -glutamate with a non-ionic compatible solute, such as trehalose. 5 ) K þ -glutamate accumulation in stressed cells might play a role as a second messenger in trehalose synthesis. 6) E. coli cells lacking the three major K þ uptake systems grow under certain conditions. These mutant cells take in K þ , probably through multiple minor K þ transport activities. 7) Under hyper-osmotic conditions, these mutant cells require a high concentration of K þ for growth. For example, E. coli TK420 cells lacking the three K þ uptake systems grow in a synthetic medium containing 10 mM K þ and 11.5 mM Na þ , but not in one containing 10 mM K þ and 100 mM Na þ . 8) Focusing on this characteristic trait, Nakamura et al. found a gene cluster, that compensates for the growth defect in E. coli TK420 cells in a marine bacterium, Vibrio alginolyticus. 8Þ The introduction of the plasmid encoding ORF1-ORF2 (proC)-ORF3 of V. alginolyticus enabled the E. coli TK420 cells to grow under 100 mM Na þ conditions. Among these three genes, ORF1 and ORF3, named fkuA and fkuB later, but not proC, were found to be required for cell growth. 8) Nakamura et al. demonstrated that transformation with fkuA and fkuB activated K þ uptake by E. coli TK420 cells. 8) FkuA and FkuB show little homology with known K þ uptake systems, such as Trk, Kup, and Kdp. FkuB is comprised of 185 amino acid residues and has a molecular mass of 20,580 Da. With the SOSUI program (http://bp.nuap.nagoya-u.ac.jp/sosui/), FkuB was predicted to be a membrane protein with four possible membrane-spanning regions. FkuB lacking the fourth (C-terminal) region also complemented of E. coli cell growth with FkuA. 8) FkuA is probably a nonmembrane protein with a molecular mass of 26,084 Da. FkuA homologs are widely distributed, from bacteria to mammals. X-ray crystallography of the two FkuA homologs, YBL036C of Saccharomyces cerevisiae 9) and YggS of E. coli (data are cited on PDB with ID of 1W8G), demonstrated that these proteins contain pyridoxal 5 0 -phosphate (PLP), a coenzyme form of vitamin B6. Their whole structures resemble the N-terminal domain of a bacterial alanine racemase, a PLP-dependent enzyme catalyzing alanine racemization. 9) However, YBL036C and YggS possess no alanine racemase activity (our unpublished results), and their functions remain unclear. If FkuA also contains a PLP, it is probably the only PLP protein that is related to osmotic regulation. Most PLP proteins, except for glycogen phosphorylase, are related to the amino acid metaboy To whom correspondence should be addressed. Tel: +81-52-789-4132; Fax: +81-52-789-4120; E-mail: yosimura@agr.nagoya-u.ac.jp Abbreviations: -ABA, -aminobutyrate; PLP, pyridoxal 5 0 -phosphate lism. Because we have been studying the enzymology of alanine racemase 10) and other PLP proteins, 11, 12) we became interested in the function of FkuA-FkuB.
For further analysis of this system, we studied E. coli yggS and yggT, homologs of fkuA and fkuB respectively. yggS and yggT are situated side by side, and the primary structures of their products, YggS and YggT, show 60 and 51% similarities to those of FkuA and FkuB respectively. In this study, we found that YggT, but not YggS, was responsible for compensation for the growth defect of E. coli mutant cells lacking the major K þ uptake systems. Our results suggest that expression of YggT endows E. coli cells with osmotolerance not through activation of K þ uptake, but through some other mechanism.
Materials and Methods
Bacterial strains and growth conditions. E. coli strain TK2420 (F À , thi, rha, lacZ, nagA, Á(kdpFAB)5, Á(trk-mscL 0 ) trkD1), 7) which is defective in the three major K þ transport genes, was the gift of Professor, Wolfgang Epstein of the University of Chicago. E. coli TO114 (ÁnhaA, ÁnhaB, ÁchaA), lacking the three Na þ /H þ antiport systems, NhaA, NhaB and ChaA, was the gift of Professor, Hiroshi Kobayashi of Chiba University, and was used in the detection of Na þ export activity. 13) These cells were grown in a KML medium or a synthetic medium. The KLM medium contained 1% bacto trypton, 0.5% yeast extract, and 1% KCl at pH 7.0. The synthetic medium (pH 7.0) consisted of 4.6 mM Na 2 HPO 4 , 2.3 mM NaH 2 PO 4 , 10mM (NH 4 ) 2 SO 4 , 10 mM FeSO 4 , 1 mg/ml of thiamine, 0.5% glucose, 1 mM MgSO 4 , 0.02% yeast extract, 100 mg/ml of ampicillin, and various concentrations of KCl and NaCl or mannitol. The LB medium contains 1% bacto trypton, 0.5% yeast extract, and 1% NaCl at pH 7.0. When necessary, ampicillin was added to these media to a final concentration of 100 mg/ml. The cells were grown at 37 C with shaking, and their growth was monitored by measuring the absorbance at 620 nm.
Construction of the TK2420ÁyggS-T mutant. TK2420 yggS-T::kan cells were constructed by replacement of yggS and yggT with a kanamycin resistance cassette with a ! Red-recombination system. 14) The kanamycin resistance cassette was amplified by PCR with yggS-H1 and yggT-H2 primers and plasmid pkD13 as template. Integration of the kanamycin resistance cassette to the E. coli chromosome was confirmed by colony PCR using the yggS-FW, the yggT-RV, or the K2 primer. The K2 primer is specific to a kanamycin resistance cassette. The primers used in this study are shown in Table 1 .
Cloning of E. coli yggS and yggT. The chromosomal DNA of the wild-type E. coli MG1655 was isolated with an ISOPLANT Kit (Wako Pure Chemicals, Osaka, Japan) and digested with HindIII. The resulting DNA fragments were used as the template for the amplification of yggS and/or yggT by PCR with KOD-plus DNA polymerase (Toyobo, Osaka, Japan) and the synthetic oligo-nucleotide primers shown in Table 1 . Each amplified DNA fragment was digested with a suitable restriction enzyme (Table 1 ) and ligated into pUC19 treated with the same restriction enzyme. Plasmid pUS bearing the yggS gene consisting of the yggS open reading frame with a 20-bp upstream region was constructed with the yggS-Up and yggS-Rv primers. Plasmid pUST bearing the whole yggS-yggT genes was constructed with yggS-Up and yggT-Rv primers. Plasmid pUT containing the 3 0 -terminal region of yggS and whole yggT was constructed by digestion of pUST with FspI and subsequent ligation.
X-Ray crystallographic studies revealed that PLP is bound to YggS through the Schiff base with Lys36 (PDB ID, 1W8G). To determine the role of PLP, we constructed plasmid pUSm encoding YggS, in which Lys36 was mutated to Arg (YggS/K36R). Plasmid pUSm was constructed by the PCR overlap extension method, as follows: The gene fragment encoding the N-terminal part of YggS was amplified with plasmid pUST as template and primers yggS-Up and yggS(K36R)-Rv. That encoding the C-terminal part was amplified with primers yggS(K36R)-up and yggS-Rv. The amplified fragments were purified by agarose-gel electrophoresis, and were used in the second PCR with the yggS-Up and yggS-Rv primers. The PCR product obtained was ligated into pUC19, as described for the construction of plasmid pUS. Plasmid pUSmT encoding the K36R mutant of YggS (YggS/K36R) and wild-type YggT was constructed following a method similar to that for pUSm construction, except that the yggT-Rv primer was used instead of the yggS-Rv primer. Plasmids pUS, pUT, and pUSm were designed to express the encoding proteins with a Cterminal 6-histidine tag. Plasmids pUST and pUSmT were designed to express non-tagged YggS and YggS/K36R and YggT with the Cterminal 6-histidine tag. Construction of the plasmids was confirmed by DNA sequencing. The structures of the constructed plasmids are shown in Fig. 1 .
Measurement of K
þ uptake by E. coli TK2420ÁyggS-T. K þ uptake by E. coli cells was measured essentially as described by Matsuda et al. 15) E. coli TK2420ÁyggS-T cells harboring various plasmids were cultured in a synthetic medium containing 25 mM KCl and 100 mM NaCl at 30 C for 16 h. All the transformant cells grew under these conditions. The cells were collected by centrifugation at 4,000 rpm for 5 min, and re-suspended in 120 mM Tris-HCl (pH 8.0) containing 1 mM EDTA. The cells were incubated for 10 min at room temperature with stirring and were collected by centrifugation. They were washed twice with 50 mM HEPES-triethanolamine (pH 7.0) containing various concentrations of NaCl or mannitol, and then re-suspended in the same buffer. The cell concentration was adjusted to an OD 578 of 3.0. The cells were incubated at room temperature for 20 min with stirring, followed by incubation with the same buffer containing 10 mM glucose for 10 min at 25 C. Measurement of K þ uptake was started by the addition of KCl to a final concentration of 5 mM. K þ uptake was determined by the silicone filtration technique, as previously described.
16) The net K þ content was determined by flame photometry.
Detection of protein expression. To confirm protein expression, TK2420ÁyggS-T cells transformed with each plasmid were cultured in a synthetic medium containing 25 mM KCl and 100 mM NaCl at 30 C for 16 h, and the total cell lysate was subjected to sodium dodecyl sulfate-polyacrylamide (SDS) gel electrophoresis (12% gel). Detection of the target proteins was performed by Western blot analysis with an anti-His rabbit polyclonal antibody (Affinity BioReagents, Golden, CO) and an ECL Plus Western Blotting Detection System (GE Healthcare, Buckinghamshire, UK) according to the manufacturers' protocols.
Amino acid analysis. Cells of E. coli TK2420 containing pUC19 (TK2420/pUC19), E. coli TK2420ÁyggS-T containing pUC19 (ÁyggS-T/pUC19), E. coli TK2420ÁyggS-T containing pUS (ÁyggS-T/pUS), and E. coli TK 2420ÁyggS-T containing pUT (ÁyggS-T/pUT) were cultured in a synthetic medium containing 25 mM KCl, 25 mM KCl plus 100 mM NaCl, or 25 mM KCl plus 500 mM mannitol at 30
C for 16 h. The cells were harvested and washed with 10 mM TrisHCl (pH 8.0) twice, and suspended in the same buffer. They were disrupted by sonication, followed by centrifugation. Part of the supernatant solution was used in a protein assay by Bradford method. The rest of the solution was mixed with 10% tri-chloroaceticacid and centrifugated. The supernatant was extracted with diethylether saturated with water 3 times. The amino acid concentration of the water layer was determined with a Shimadzu LC-10A amino acid analysis system (Shimadzu, Kyoto, Japan).
Results
Compensation for the growth defect of E. coli TK2420 cells with yggS and yggT We tried to determine whether introduction of E. coli yggS and yggT, homologs of V. alginolyticus fkuA and fkuB respectively, would restore the growth of E. coli TK2420 cells lacking the three major K þ uptake systems under low K þ and high Na þ concentrations. First we attempted to construct a pUC118-derived vector, which expresses yggS-yggT under the control of the lac promoter, but we did not succeed. The E. coli XL-1 blue and TK2420 cells transformed with the pUC118-derived plasmids suffered from severe growth retardation, probably because overexpression of these genes was toxic to the cells. In contrast, the E. coli cells grew with the plasmid pUST, which bears yggS-yggT in the opposite direction to that of the lac promoter of pUC19 (Fig. 1 ). E. coli TK2420 cells did not grow in an LB medium without the addition of K þ (Fig. 2) . However, the introduction of pUST enabled the cells to grow in the LB medium. These results suggest that yggS and yggT bear the functions similar to those of fkuA and fkuB.
To determine the role of each gene, we constructed plasmids pUS, pUT, pUSm, and pUSmT, which encode YggS, YggT, YggS/K36R, and YggS/K36R-YggT respectively. Like pUST, all the plasmids encode a gene in the opposite direction to that of the lac promoter. Plasmids pUSm and pUSmT were prepared for investigation of the role of PLP of YggS. X-Ray crystallography of YggS demonstrated that Lys36 serves as an anchor for PLP-binding through Schiff base formation (PDB ID, 1W8G). YggS/K36R was expected to lose the ability to bind to PLP. We expressed and purified wildtype and K36R YggS, and confirmed spectroscopically that the former contains PLP and the latter does not (data not shown). E. coli TK2420 cells were transformed with pUS, pUT, pUSm, pUSmT, or a control vector (pUC19) and grown in a synthetic medium containing 10 mM KCl and various concentrations of NaCl or mannitol. As shown in Fig. 3 , the cells harboring pUT, pUST, or pUSmT grew under every condition. In contrast, the growth rates of the cells transformed with pUC19, pUS, or pUSm decreased in accordance with the increase in the concentration of Na þ and mannitol. These results confirm that yggS is not implicated in complementation for the growth defect. Overexpression of yggT was probably responsible for the growth of TK2420 cells under hyperosmotic conditions. The growth of E. coli TK2420 cells harboring pUC19 as a control vector (open circle) or pUST (closed circle) was measured in KML (A) and in LB (B) medium containing 100 mg/ml of ampicilin. The cells were pre-cultured at 37 C in KML medium containing 100 mg/ ml of ampicillin to an OD 620 of 0.4. The pre-culture was diluted 100 times for each medium and the cell growth was monitored at OD 620 .
Disruption of intrinsic yggS and yggT of E. coli TK2420
We found unexpectedly that complementation for the defect of TK2420 cell growth under osmotic pressure depends only on yggT, and not on yggS. However, we could not rule out the possibility that the intrinsic yggS of TK2420 cells worked in conjunction with the introduced yggT. To eliminate the effects of the intrinsic yggS and yggT, we constructed mutant TK2420 cells, that lacked both genes. The resulting mutant strain, TK2420ÁyggS-T, showed growth behavior similar to that of the mother strain, TK2420, under various K þ and Na þ conditions (data not shown).
We transformed the TK2420ÁyggS-T mutant cells with plasmid pUC19, pUS, pUT, pUST, pUSmT, or pUSm and examined the growth of the transformant cells under various Na þ and mannitol concentrations. The expression of proteins YggT, YggS, and YggSm was confirmed by immunoblot analysis with the antibody against the histidine tag (Fig. 4) . As shown in Fig. 5 , the cells transformed with pUT, pUST, or pUSmT grew under high Na þ and high mannitol concentrations. In contrast, the cells transformed with a plasmid without yggT, such as pUC19, pUS, and pUSm, did not grow under these conditions. These results confirm that yggT is responsible for the growth of TK2420 cells under hyperosmotic conditions. 3 . Effects of the Introduction of yggS and/or yggT on the Growth of K þ -Uptake Deficient E. coli TK2420 Cells. The growth of E. coli TK2420 cells harboring pUC19, pUS, pUT, pUSm, pUSmT, or pUST was observed in synthetic medium containing 100 mg/ml of ampicillin, 10 mM KCl, and various concentrations of NaCl or mannitol at 37 C. The cells were pre-cultured at 37 C in KML medium containing 100 mg/ml of ampicillin to an OD 620 of 0.4. The pre-culture was diluted 100 times for each medium and cell growth was monitored at OD 620 . The conditions were the same as for the experiment shown in Fig. 3 , except that the E. coli TK2420ÁyggS-T strain was used instead of the mother strain (TK2420).
uptake by the cells, although their primary structures exhibit little similarity with those of K þ -uptake proteins so far reported. 8) We studied the effects of yggT on the rate of K þ uptake by E. coli TK2420ÁyggS-T cells. In the presence of 5 mM KCl and no Na þ , the cells harboring control vector pUC19, but not those harboring pUT, showed biphasic kinetics in their K þ uptake: a rapid first phase and a slow second phase (Fig. 6A) . The rates of slow K þ uptake were similar in the two types of transformant cells. In the presence of 5 mM KCl and 200 mM NaCl, the cells harboring pUT imported K þ 2 times more efficiently than those harboring pUC19 (Fig. 6A) . The acceleration rate with pUT was lower than that obtained on the introduction of fkuA and fkuB into E. coli TK420 cells (about 5 times). The cells harboring pUST or pUSmT also showed efficiency similar to those harboring pUT in K þ uptake (data not shown). In the absence of glucose, the rates of K þ uptake by the cells containing pUT or pUC19 were about one half of those in the presence of glucose (Fig. 6B) . K þ transport with or without YggT probably requires ATP and/or transmembrane potential.
We also measured the rates of K þ uptake by cells containing pUT or pUC19 in the presence of 5 mM KCl and 500 mM mannitol (Fig. 7) . Under these conditions, the cells containing pUT grew, but those containing pUC19 did not (data not shown). Unexpectedly, the rate of K þ uptake in the cells harboring pUC19 was much higher than that in those harboring pUT. No activation of K þ uptake occurred under hyperosmotic conditions with mannitol; in contrast, those with Na þ induced activation. The KtrABE-mediated K þ -uptake system of a cyanobacterium, Synechocystis sp. PCC 6803, is known to be activated by the presence of a low concentration (1 mM) of Na þ . 15) However, K þ uptake by E. coli TK2420ÁyggS-T/pUT was not increased, but slightly decreased, by the addition of 5 mM NaCl (Fig. 7) . The mechanism of activation of K þ uptake with YggT probably differs from that with KtrABE.
YggT has no Na þ efflux activity It is possible that the tolerance to salinity stress of cells containing yggT is due to the Na extrusion activity of YggT. To examine this possibility, we tested to determine YggT has Na þ efflux activity. E. coli TO114, in which the genes encoding the Na þ /H þ antiporters NhaA, NhaB, and ChaA are mutated, has a defect in Na þ extrusion. The cells grow in a KML medium but not in an LB medium. The introduction of plasmid pPAB404-NhaA encoding NhaA enabled the cells to grow in an LB medium. 15) As shown in Fig. 8 , E. coli TO114 cells transformed with pUT did not grow in an LB medium, suggesting that YggT bears no Na þ efflux activity. The time course of K þ uptake by the E. coli TK2420ÁyggS-T mutant containing pUC19 (square) or pUT (circle) was obtained in a synthetic medium containing 100 mg/ml of ampicillin, 5 mM KCl, and 500 mM mannitol (closed symbol) or 500 mM mannitol plus 5 mM NaCl (open symbol).
A B pPAB (vector) NhaA
YggT pUC19
(vector) Fig. 8 . YggT Had No Na þ Efflux Activity. E. coli TO114 cells transformed with pPAB404-NhaA [15] , pPAB404 (control vector), pUT, or pUC19 grew on KML medium (A). On the other hand, cells containing pPBA404-NhaA grew on the LB medium, but those transformed with pPAB404, pUC19 or pUT did not (B).
Effects of yggT expression on the amino acid contents of the cells
It is known that glutamate synthesis increases concomitantly with K þ uptake to counterbalance the positive charges of the accumulated K þ during the osmotic response of bacteria. 5) We speculated that the glutamate concentration in the E. coli cells increases if K þ is taken in by the E. coli cells. We examined the amino acid contents of an extract of TK2420/pUC19, ÁyggS-T/ pUC19, ÁyggS-T/pUS, and ÁyggS-T/pUT cultured under various conditions (Fig. 9) . When the cells were cultured in a synthetic medium containing 25 mM KCl and no NaCl, similar amino acid contents were observed in every strain (Fig. 9A) . Under cultivation of the cells in the presence of 25 mM KCl and 100 mM NaCl, the glutamate contents increased by a 2 to 3-fold in the TK2420/pUC19, ÁyggS-T/pUC19, and ÁyggS-T/pUS cells. In contrast, that of the ÁyggS-T/pUT cells, which were expected to produce much more glutamate, did not increase, but rather decreased, and the -ABA content increased by 3.5 times (Fig. 9B) . The amino acid metabolism of the ÁyggS-T/pUT cells differed from that of the other strains under these conditions. The addition of 500 mM mannitol to the culture medium resulted in a 3 to 4-fold increase in His content, a 3 to 6-fold decrease in -ABA contents, and no significant change in glutamate contents in all strains, including ÁyggS-T/pUT (Fig. 9C) .
Discussion
fkuA and fkuB of V. alginolyticus have been reported to compensate for the growth defect of E. coli TK420 cells lacking the three major K þ uptake systems under low K þ and high Na þ concentrations. 8) The original aims of the present study were to determine whether E. coli yggS and yggT bear functions similar to those of fkuA and fkuB and to clarify the role of PLP of YggS. However, yggS is not required to compensate for the growth defect of E. coli TK2420 cells, which also lack the three major potassium-uptake systems. yggT alone is enough for cell growth under low K þ and high Na þ or mannitol concentrations. The difference in role between fkuA and yggS is currently unclear. It is possible that the mechanical function of fkuA differs from that of yggS, although they show some similarity in primary structure. Such cases are sometimes observed among PLP enzymes, as exemplified by D-amino acid transaminase and chorismate lyase. 17) These enzymes share their primary and three-dimensional structures, but their catalytic functions differ, D-amino acid transaminase catalyzes transamination between various D-amino acid and keto acids, and chorismate lyase catalyzes the conversion of 4-amino-4-deoxy chorismate to p-aminobenzoate and pyruvate.
Transformation of E. coli TK420 cells with fkuA and fkuB enhanced the rate of K þ uptake of the cells 3 to 4-fold. 8) In contrast, enhancement of that of the E. coli TK2420 ÁyggS-YggT cells by yggT expression was 2-fold (Fig. 6A) . Activation of K þ uptake with yggT was observed upon Na þ addition to the medium, but not upon the addition of mannitol (Fig. 7) . Although the rate of K þ uptake did not increase, yggT compensated for the growth defect of the E. coli TK2420 cells under low K þ and high mannitol conditions as shown in Fig. 5 . These results suggest the possibility that yggT compensates for the growth defect of E. coli TK2420 cells not through an increase in the K þ uptake, but through some other mechanism. An increase in K þ uptake under high Na þ concentration is possibly effected by the physiologically-meaningless side function of YggT. Such nonphysiological K þ uptake activity was reported for Prip and TrkG proteins of E. coli. 7) Of course, we cannot rule out the possibility that the observed K þ uptake partially contributes to the compensation for the growth defect of the E. coli TK2420 cells caused by concentrated Na þ . E. coli has a transport system for Na þ but not for mannitol. 13) It is quite possible that the cellular response to salt stress is not the same to that to osmotic stress with mannitol. The adaptation of bacteria to hyperosmotic conditions is known to consist of two stages: a rapid Fig. 9 . Effects of yggT Expression on the Amino Acid Contents of TK2420/pUC19, ÁyggS-T/pUC19, ÁyggS-T/pUS, and ÁyggS-T/ pUT Cells. Cells of TK2420/pUC19 ( ), ÁyggS-T/pUC19 ( ) , ÁyggS-T/pUS ( ), and ÁyggS-T/pUT ( ) were cultured in a synthetic medium containing 25 mM KCl (A), 25 mM KCl plus 100 mM NaCl (B), or 25 mM KCl plus 500 mM mannitol (C) at 30 C for 16 h. The amino acid concentrations of the cell-free extracts were determined as described in the text. The amino acid concentration was standardized in protein concentration of the cell free extract, and is shown as nmol/mg protein.
uptake of K þ from the environment with a concomitant increase in glutamate as a counter ion, and subsequent osmolyte accumulation. The increase in the K þ -glutamate concentration perhaps plays a role as a second messenger in the synthesis of osmolytes, such as trehalose. 18) We examined the glutamate and other amino acid contents of extracts of TK2420/pUC19, ÁyggS-T/pUC19, ÁyggS-T/pUS, and ÁyggS-T/pUT cells cultured under various conditions. We expected that the glutamate content of ÁyggS-T/pUT cells showing increased K þ uptake would be higher than that of the other strains. However, the glutamate content of the ÁyggS-T/pUT cells did not increase, but rather decreased, under cultivation with 25 mM K þ and 100 mM Na þ . In contrast, the glutamate contents of TK2420/ pUC19, ÁyggS-T/pUC19, and ÁyggS-T/pUS cells increased by 2 to 3-fold under these conditions. These results suggest that the adaptation mechanism of the ÁyggS-T/pUT cells to hyperosmotic conditions differs from that of the known adaptation system, depending on the K þ uptake and the following increase in cellular glutamate. In addition to glutamate, the -aminobutyrate (-ABA) content of the ÁyggS-T/pUT cells differed from that of the other three strains (Fig. 9B) . Expression of yggT changed the metabolic pathway of amino acids. It is possible that some metabolites produced in ÁyggS-T/pUT cells serve as osmolites enabling the cells to grow under hyperosmotic conditions. The expected osmolite is not an amino acid, because the amino acid contents were nearly the same among the four strains cultured in the presence of 500 mM mannitol (Fig. 9C) . It would be interesting to determine whether the introduction of yggT to the TK2420ÁyggS-T cells alters the metabolic pathways of something other than amino acids in the presence of mannitol. Metaborome analysis of TK2420ÁyggS-T cells with and without pUT is probably useful to identify possible osmolites in the ÁyggS-T/pUT cells.
The present results suggest that YggT alters the metabolic pathways of E. coli cells to produce osmolites under hyperosmotic conditions. In this context, YggT is involved in signaling upon osomotic stress. It has been reported that yggT homologs of a gram-negative bacterium, Yersinia enterocolitica, are inducers of the phage shock protein (Psp) response. 19) The Psp system, which responds to extracytoplasmic stress, is enhanced by overexpression of yggT. In this case, yggT is also implicated in signaling upon extracytoplasmic stress.
YggT belongs to a YGGT protein family of predicted membrane proteins, and the YGGT members are widely distributed in plastids and bacteria. To the best of our knowledge, only one definite function has been identified for the YGGT proteins. The CCB3 gene product, a YGGT family protein of the unicellular green algae Chlamydomonas reinhardtii, is involved in the maturation of the cytochrome b6f complex, which is required for oxygenic photosynthesis. 20) CCB3 is implicated in the binding of heme ci 0 to cytochrome b 6 with three other proteins, CCB1, CCB2, and CCB4. The involvement of YggT in the response to extracytoplasmic stress is possibly the second role to be assigned to the YGGT family protein. The current results should contribute to an understanding of the functions of YGGT family proteins.
